Using the 1985-2013 record of near-surface currents from satellite-tracked drifters, the pseudo-Eulerian statistics of the near-surface circulation in the Indian Ocean (IO) are analyzed. It is found that the distributions of the current velocities and mean kinetic energy (MKE) in the IO are extremely inhomogeneous in space and nonstationary in time. The most energetic regions with climatologic mean velocity over 50 cm s 21 and MKE over 500 cm 2 s 22 are found off the eastern coast of Somalia (with maxima of over 100 cm s 21 and 1500 cm 2 s
Introduction
The Eulerian and/or Lagrangian statistics of the ocean circulation are important quantities characterizing the physical oceanography features of different ocean basins. Observations by satellite-tracked surface drifters, such as those from the Global Drifter Program (GDP), provide an invaluable tool for investigating the Eulerian or/and Lagrangian statistics of near-surface circulations over different ocean basins, including the Atlantic Ocean (Banyte et al. 2013; Bograd et al. 1999; de Verdiere 1983; Figueroa and Olson 1989; Krauss and Böning 1987; Lumpkin et al. 2002; Rupolo et al. 1996; Rypina et al. 2012; Veneziani et al. 2004; Zhang et al. 2001) , Pacific Ocean (Bauer et al. 2002; Bograd et al. 1999; Chaigneau and Pizarro 2005; Lumpkin and Flament 2001; Oh 2003, 2004) , Indian Ocean (Molinari et al. 1990; Shenoi et al. 1999; Zheng et al. 2012) , and Southern Ocean (Sallée et al. 2008) . Similar studies have been also carried out in some marginal seas, such as the Adriatic Sea (Falco et al. 2000; Maurizi et al. 2004; Poulain 2001; Ursella et al. 2007 ), Black Sea (Poulain et al. 2005) , East Sea (Oh et al. 2000) , Mediterranean Sea (De Dominicis et al. 2012 ), Norwegian Sea (Andersson et al. 2011; Poulain et al. 1996) , South China Sea Qian et al. 2013) , Tasman Sea (Chiswell et al. 2007) , and Tyrrhenian Sea (Rinaldi et al. 2010) , as well as in regional current systems, for example, the Algerian Current (Salas et al. 2001) and California Current (Brink et al. 1991; Poulain and Niiler 1989; Swenson and Niiler 1996) .
Being the third largest ocean basin of the world and a major part of the largest warm pool on earth, the Indian Ocean (IO) plays an important role in shaping climate on both regional and global scales (Annamalai et al. 2005; Du et al. 2011; Kug and Ham 2012; Schott et al. 2009; Wu and Kirtman 2007; Xie et al. 2009; Zheng et al. 2011) . For instance, the Indian Ocean dipole is associated with the variability of the East Asia monsoon and ENSO (Ashok et al. 2004; Luo et al. 2010; Yang et al. 2010) . Although the IO circulation systems (see the schematic illustration in Fig. 1 ) have been given increasing attention by researchers recently, the investigations and studies of the circulation characteristics are still relatively insufficient or less intensive compared to those for other ocean basins, primarily due to the relative lack of observations in the IO. The earliest studies mapping IO surface currents were mainly based on the compilation of ship drift reports (Defant 1961; Cutler and Swallow 1984) , which contain large random errors in the pre-GPS era and biases due to the direct force of the wind on the ships. Satellite-tracked drifting buoys, first deployed in 1975/76 in the western equatorial IO (L. Regier and H. Stommel 1976, unpublished document) , provide a much more robust tool in mapping IO surface circulation. Reverdin et al. (1983) and Shetye and Michael (1988) studied the equatorial jets (EJs, also called Wyrtki jets) and the South Equatorial Current (SEC) in the IO, respectively, using measurements from a limited set of drifting buoys. Based on a compilation of 142 surface buoy trajectories deployed during 1975-87 by different organizations, Molinari et al. (1990) mapped the surface current distribution in the tropical IO as well as the seasonal variations of the currents. Shenoi et al. (1999) further explored the near-surface currents and the kinetic energy in the tropical IO by analyzing the trajectories of more (412) satellite-tracked drifting buoys. More recently, Zheng et al. (2012) studied the surface circulations and their seasonal variations in the IO using drifter data from 1979 to 2011 and showed that the basic pattern of the surface circulation in the IO is identical to that revealed by previous studies, although the currents along the eastern coast of Africa appear much stronger. Beal et al. (2013) used two decades of drifter data to describe the seasonal evolution of the surface circulation of the Arabian Sea in the northwestern IO and showed that the drifter data resolved features like the Somalia Current (SC), Great Whirl (GW), and the evolution of monsoon-driven variations that in some respects differ from the well-known schematics of Schott and McCreary (2001) and Schott et al. (2009) . Moreover, some studies (e.g., Lumpkin and Johnson 2013; Maximenko et al. 2009; Sudre et al. 2013; Sudre and Morrow 2008) have mapped surface currents over the global ocean, including the IO basin, using all GDP drifter observations available. All of these studies have contributed to reveal the features of surface or nearsurface circulation of the IO. These studies, however, have still left much space for a complete and integral investigation of the characteristics of the near-surface circulation across the IO basin. In particular, although a few recent studies have tried to estimate the Lagrangian statistics of the near-surface currents in the IO (Chiswell 2013; Zhurbas et al. 2014) , considerable uncertainties of the estimates could exist because of the methods used that may not efficiently remove the impacts of the strong seasonal variability and spatial inhomogeneity of surface currents in the IO (e.g., Qian et al. 2014) . Therefore, it is necessary and worthy to carry out a thorough investigation of the Eulerian and Lagrangian statistics of the near-surface circulation across the IO basin using the most extensive drifter observations ever assembled so far, which motivates the present study. As the first part of this study, this paper focuses on the pseudoEulerian statistics (i.e., Lagrangian observations averaged in fixed geographical coordinates) of the near-surface currents, while the Lagrangian statistics will be investigated in a companion paper (Peng et al. 2015, hereinafter PQL2) .
In the next section, a description of the methods and the data is given. Section 3 displays the spatial and temporal distribution of the dataset over the IO. The pseudoEulerian statistics of near-surface currents are presented in section 4. The final section presents a summary.
Data and methods

a. Data
The Lagrangian observations used in the present study are obtained from the National Oceanic and Atmospheric Administration (NOAA) GDP drifter dataset provided by NOAA's Atlantic Oceanographic and Meteorological Laboratory (AOML) (www.aoml.noaa.gov/ phod/dac/dacdata.php). AOML's drifter Data Assembly Center assembles the raw data, applies quality control, and interpolates them to uniform 6-h intervals using an optimal procedure known as kriging interpolation (Hansen and Poulain 1996; Lumpkin and Pazos 2007) . Velocities are calculated as 12-h centered differences of these positions. This dataset consists of all GDP drifter data with a holey-sock drogue centered at 15-m depth. These drifters follow the near-surface flow in the mixed layer. Until recently, all the drifters were tracked by the Argos satellite system, and the raw fixes of drifter positions are derived from the Doppler shift of their transmission with an accuracy of about 150-1000 m. In the last few years, an increasing number used the Iridium system for data transmission and GPS for location, with accuracy of a few meters.
The present study focuses on the region of the IO (418S-268N, 298-1168E), excluding the South China Sea and Southern Ocean where Eulerian and/or Lagrangian statistics have already been studied recently (e.g., Qian et al. 2013; Sallée et al. 2008) . Drifters outside this region are truncated and discarded. No GDP drifter data are available in the IO basin until 1985. Thus, all drifter data from 1985 to the most recent update (June 2013) are chosen for this study, including drogued as well as undrogued drifters that have been recently reanalyzed and updated .
A drogue is attached to a drifter to reduce the windinduced slippage and make the drifter move following the mixed layer current. Wind-slip correction is made to drifter velocities for a better representation of the near-surface (mixed layer) currents. Niiler and Paduan (1995) . For drifters that have lost their drogues (undrogued drifters), following the practice of Perez et al. (2014) , the coefficient for windslip correction is obtained by separately calculating timemean velocities from drogued and from undrogued drifters in all 28 bins with more than 400 6-h observations in the IO region and finding the nondimensional coefficient that, when multiplied by the wind velocity and subtracted from the 6-h undrogued velocities, will minimize the squared differences between drogued and undrogued downwind mean velocities summed over all the well-sampled bins. A coefficient of 1.64 3 10 22 is obtained in this manner to correct undrogued drifter velocities in the IO, which is identical to that of Perez et al. (2014) for the central and eastern equatorial Atlantic, but larger than that (8.6 3 10
23
) of Pazan and Niiler (2001) for the global oceans.
Note that although the correction is designed to minimize the squared difference between drogued and undrogued downwind mean velocity (i.e., first-order moment), it is of interest to see whether it is helpful to reduce the difference of second-order moment such as eddy kinetic energy (EKE). Thus, we compute the EKE from both drogued and undrogued drifters and then show their ratios before and after the wind-slip correction in Fig. 2 . Before the correction (Fig. 2a) , the EKE of undrogued drifters is larger than that of the drogued over much of the IO (i.e., ratio . 1), especially between 108 and 208S and the southern part of IO. After the correction (Fig. 2b) , these inconsistencies are significantly reduced so that most parts of the IO show near-unity ratios, except the northwest and southeast IO where the numbers of drifter samples are relatively small (Fig. 2) . Thus, we believe that the correction has also significantly reduced differences in the EKE (and the diffusivity, another second-order moment) between drogued and undrogued drifters and allows us to incorporate the undrogued data, greatly increasing observational density.
b. Method
Drifter data are first binned into 28 latitude/longitude grids. This grid resolution is chosen as a compromise between sample density within a bin and the resolution of the mean flow. Considering that the currents in the IO may feature strong inhomogeneity in space and seasonal variations in time, the spatial shear and the temporal variability of the flows within a bin should be taken into account to obtain an accurate estimate of the mean and eddy velocities. In this study, drifter observations within a bin are modeled as a series that varies as a function of
both time and space following the method of Lumpkin and Johnson (2013):
where u 5 (u, y) and u 0 5 (u 0 , y 0 ) are original and residual velocity vectors, and z is the amplitude coefficients for temporal and spatial variability to be determined in matrix A. The components of A are expressed as
where the first term stands for a constant mean, the following four terms stand for the annual and semiannual variability, and the last five terms stand for spatial variability. The terms x j and y j are the zonal and meridional distances from a bin center, nondimensionalized by dividing by 18 longitude or latitude. Subscript j indicates that observation j is collected at time t j (in years). All the components can be fitted to 10 coefficients in z by adopting the Gauss-Markov (GM) estimator (Lumpkin and Johnson 2013; Wunsch 1996) :
where R z is the a priori covariance matrix of z, and R n is the variance structure of the residual velocity u 0 . Following Lumpkin and Johnson (2013) , each of the diagonal elements of R z is assumed to be equal to the squared half range of u, while off-diagonal elements are set to zero and elements of R n are chosen as
with T d 5 8.3 days (equivalent to an integral eddy time scale of 4 days). In (4), var(u) is the variance of u or y.
Distribution of the GDP drifters in the IO
The subset of data collected here spans a total of 1667.7 drifter years with 45.8% drogued and 54.2% undrogued [using the drogue detection method as described by ] after discarding records that are not within the domain (418S-268N, 298-1168E) and those with undefined velocities (endpoints) or those with drifters leaving water (picked up by a ship). Figure 3 displays the number of 6-h drifter observations in 28 bins over the IO. The convergent central-southern IO region has the highest density of drifter observations, up to 9000 6-h samples in a 28 bin. Regions of over 4000 samples include the eastern equatorial IO and east/ southeast of Madagascar, and over 2000 samples are found in the central Bay of Bengal (BoB), southeastern Arabian Sea, northwest and south of Madagascar, and west of Australia. The western equatorial IO, south of Java, the Andaman Sea, and the eastern and northern coasts of the Arabian Sea are found to have the sparsest observations with less than 500 6-h samples. shows the yearly and monthly variations of the number of drogued and undrogued drifter observations during 1985-2013. Although drifters were present in the IO as early as 1985 (with 270 observations), drifter observations throughout the IO basin were not sustained until 1994 (Lumpkin and Pazos 2007) . The total number of drifter observations shows two dramatic increases; one started from 1995 and fluctuated around 100 000 while another started from 2006 and fluctuated around 150 000. The number of observations varied slightly with different months, but the overall observations do not show significant seasonal sampling bias (Fig. 4b) .
To display seasonal sampling bias and its spatial distribution, following Lumpkin (2003) and Qian et al. (2013) , we assign each drifter observation a complex number with an amplitude of one unit and a phase of phase 5 day-of-year D 3 2p, D 5 365 non-leap year 366 leap year , where the day of year starts with 1 for 1 January and ends at 365 (366) for 31 December in a nonleap (leap) year. When these numbers are averaged within our 28 bins (Fig. 5) , near-zero amplitude indicates homogeneous sampling through all seasons, while near-unity amplitude represents exclusive sampling of one season. Large amplitudes (.0.3) are found primarily in the southern equatorial IO, southwest of Sumatra, and the northern Arabian Sea (where sampling is biased toward April); in the western BoB and south of Java (DecemberJanuary); and in the Andaman Sea, southeastern BOB, and southeastern Arabian Sea (July-November).
It is of interest to examine the distribution of drifter observations in different speed ranges (Fig. 6 ). Generally, for both zonal and meridional components, the number of drifter observations appears more like an exponential distribution, especially at large velocity tails (magnitude . 80 cm s
21
). The tails of this distribution indicate a higher probability of experiencing anomalously large positive or negative velocities even compared to an exponential. This behavior has been observed in Lagrangian floats over the Atlantic Ocean (e.g., Bracco et al. 2000) . Figure 7 gives the spatial distribution of drifter speeds in different ranges. Observations with speeds larger than 100 cm s 21 are found in the eastern coast of Africa, equatorial IO, eastern coast of India, eastern-southern coast of Sri Lanka, southsoutheast of Madagascar, southeast of the tip of South Africa, and west of Australia, associated with the strong , confirming the existence of the strong polewardpropagating eddies documented in some studies (e.g., de Schouten et al. 2002 Schouten et al. , 2003 Swart et al. 2010) .
Figure 8a displays some typical drifter trajectories that depict the main currents (see Fig. 1 ) in the IO basin, including the SEC (drifters 1-4), the Northeast (drifters 1, 2, and 4) and Southeast (drifter 3) Madagascar Currents (NEMC and SEMC), the South Equatorial Countercurrent (SECC) and EJs (drifter 1), the East African Coastal Current (EACC) and SC (drifter 4), the Southwest Monsoon Current (SMC; drifter 5), the South Java Current (SJC; drifters 1 and 6), the Agulhas Return Current (ARC; drifter 7), and the Leeuwin Current (LC; drifter 8). It is worth noting that drifters at nearly the same location can take quite different paths (1 and 2) and that drifters can travel in opposite directions at different times (7 and 8), indicating the temporal and spatial variability of the circulations in the IO basin. In particular, the SEC bifurcation into the NEMC and SEMC is clearly depicted northeast of Madagascar from drifters 1-4 in Fig. 8a , and swirling behavior is seen for most of the drifters that passed through the Mozambique Channel or traveled southeast of Madagascar after the SEC bifurcation (Fig. 8b) , which implies a chain of eddies migrating southward or southwestward around Madagascar (de Ruijter et al. 2004 ).
Pseudo-Eulerian statistics of the near-surface currents
a. Climatologic-mean velocities and kinetic energy
The climatologic-mean velocities of near-surface currents derived from drifters may be influenced by a number of factors, including the selected bin size, the seasonal sampling bias, and so on. The seasonal sampling biases of the drifter observations are inevitable in some regions, as shown in Fig. 5 , and intense currents with strong annual/semiannual variability exist in the IO, such as the SC and the EJs. Therefore, the traditional method used to obtain the mean velocities, which averages the drifter-derived velocities within a bin, may introduce considerable biases where observations are mostly within a specific season (e.g., Qian et al. 2013) . The GM decomposition method described in section 2, fitting the temporal variability in a continuous harmonic sense, is efficient in reducing such bias induced by the simple binning method. In addition, the GM method can take into account lateral velocity shear (spatial variation) within a bin (Lumpkin and Johnson 2013) and thus can reproduce more realistically the mean currents with strong shear that could be overly smoothed by the binning method. Therefore, we employ the GM method to obtain the climatologic-mean velocities and kinetic energy. To see the difference between the two methods, Figs. 9a and 9c display the mean currents and the corresponding mean kinetic energy obtained by the simple binning method and the GM method. The mean currents obtained from both methods capture the major features of the near-surface circulation in the IO basin revealed by ship drift reports or satellite-tracked drifter data or satellite imagery from different data archives, as reported in a number of studies (e.g., Cutler and Swallow 1984; Molinari et al. 1990; Schott and McCreary 2001; Schott et al. 2009; Shenoi et al. 1999; Shetye and Gouveia 1998; Shetye and Michael 1988) ) in 28 bins using (a) simple bin averaging and (c) the GM method. (b),(d) As in (a) and (c), but for deriving from drogued-only observations. A 9-point smooth operator is applied to (c) and (d). In (c), bins with ,32 6-h observations (roughly two independent observations assuming a 4-day integral time scale) are discarded and the same mask is applied to (d) for comparison.
rotating South Tropical Gyre (STG) and the anticlockwise rotating South Subtropical Gyre (SSG) in the southern IO; the broad westward SEC between 88S and 208S, the narrow eastward SECC south of western equatorial IO between 08 and 58S, and the eastward EJs in the central-eastern equatorial IO, which generally have mean speed values of 30-50 cm s 21 and act as the southern and northern boundaries of the STG, respectively; and the northward (southward) western boundary currents along the eastern coasts of Tanzania, Kenya, and Somalia (Mozambique and South Africa) with mean speed values of over 50 cm s 21 . Significant differences are seen in a careful comparison between the two methods: the mean velocities from the GM method are stronger in the regions of the SC, SEC, the eastern coast of South Africa, and the ARC, as compared to those from the simple binning method. Since obvious seasonal sampling biases are not found in these regions (Fig. 5 ), these differences are attributed to the strong shear (gradient) of the mean flows that could be overly smoothed by the simple binning method. Moderate differences are found east of India, north of the BoB, south of Java, and west of Australia. These differences seem to be caused not only by spatial gradients near the coasts, but also by obvious seasonal sampling biases (Fig. 5) ; however, as the number of observations in these regions is small (Fig. 2) , it is hard to say which one is dominating. The maximum mean speed from the GM method reaches 80 cm s 21 in the eastern coast of Somalia and northwest of the northern tip of Madagascar, associated with the SC and NEMC. Obviously, the simple binning method oversmooths the currents in regions where strong spatial variation occurs. Mean currents derived from only drogued observations are also presented in Figs. 10b and 10d to show the effects of wind-slip correction for undrogued drifters. For the binning method, the drogue-only (Fig. 9b ) and all drifter (Fig. 9a) observations result in quite similar results. This is because the wind-slip correction coefficient is obtained through minimizing the differences of bin mean currents between drogued and undrogued drifters. For the GM method, the drogue-only mean currents (Fig. 9d) are not as smooth as those derived from all drifters, especially south of 108S. More than half of the total observations in this region are undrogued drifter observations (figure not shown). Therefore, significant reduction of the data samples may introduce large errors in the GM decomposition since the GM method depends not only on sample means, but also on sample variances. Another important factor that accounts for such differences is that drogued and undrogued observations sample the currents at difference times and positions. Thus, exactly the same results cannot be expected. It is still worth noting that wind-slip behaviors depend on drifter types, ocean regions, and wind speed range; thus, a single correction coefficient may not reflect various situations. A single coefficient is adopted here for simplicity, for reducing the systematic bias in the first-order moment (e.g., Eulerian-mean current), and most importantly for incorporating another half of the drifter observations losing their drogues. As already shown in Fig. 2 , biases of the second-order moment (e.g., EKE) are also reduced by such a single coefficient.
The mean kinetic energy (MKE) shown in Fig. 9 is defined as in Shenoi et al. (1999) . Similarly, off the eastern coast of Africa, the values of MKE reach 1500 cm 2 s
22
, whereas those in Shenoi et al. (1999) are about 1000 cm 2 s 22 and those in Wyrtki et al. (1976) do not exceed 500 cm 2 s
. The coarse spatial resolution of 58 grids in Wyrtki et al. (1976) and the errors inherent in the ship drift measurements are believed to be the main reasons causing the low MKE in that study (Patterson 1985; Shenoi et al. 1999 ). On the other hand, as admitted by Shenoi et al. (1999) , although the dataset used in Shenoi et al. (1999) was the most extensive one by that time (up to August 1998), estimates of MKE were still subject to large uncertainties because of the largely inhomogeneous and relatively sparse distribution of drifters and because of the limits inherent in simple bin averaging. Therefore, with the most extensive drifter data ever assembled to date (up to June 2013), the estimates presented here are believed to be a more precise update of those in previous studies. Figure 10 shows the monthly-mean near-surface currents and MKE reconstructed by the GM method. The
b. Temporal variability and eddy kinetic energy
apparent seasonal variations of the near-surface circulation can be clearly seen in the SC, EJs, and Northeast Monsoon Current (NMC)/SMC, which are associated with the annually reversing monsoons and are generally in agreement with those of Shenoi et al. (1999) , Molinari et al. (1990) , and Beal et al. (2013) . The northeastward SC begins to develop in April with the onset of the southwest monsoon, peaks in July with a maximum of monthly-mean speeds (hereinafter speeds) . 150 cm s
21
, and lasts until October when the southwest monsoon starts to diminish; it reverses its direction and flows southward in December with the onset of the northeast monsoon, reaches its maximum in January with a maximum of speeds . 100 cm s
, and weakens in March. The EJs develop during the transitions between the monsoons, that is, during April-May and October-December, and peak in November with maximum speeds . 100 cm s ) derived from GDP drifters. A 9-point smooth operator is applied to each month. its axis near the equator, whereas Shenoi et al. (1999) reported a maximum of 30-40 cm s 21 in February with its axis around 58N. Beginning in April, the westward/ northwestward NMC begins to be replaced by the eastward/southeastward SMC that emerges first south of India and then extends to southwest/west of India and the northern Arabian Sea, reaching its maximum in July and fading away in October. Similar to Shenoi et al. (1999) , a clockwise gyre is seen in the BoB during January-April, while an anticlockwise gyre occurs during October-December. It is worth noting that a narrow westward flow south of the equator between 508 and 808E occurs in August, which is in agreement with the satellite drifter-based analysis of Shenoi et al. (1999) and the model-simulated results of McCreary et al. (1993) , but not indicated in the ship drift-based analysis of Cutler and Swallow (1984) . As to the distribution of monthly-mean kinetic energy, the most energetic regions are found along the eastern coast of Africa during May-September and over the equatorial IO during February-May and October-December, with a maximum value . 10 000 cm 2 s 22 that is much larger than that of the climatologic MKE shown in Fig. 9 . The amplitudes and phases of annual and semiannual cycles derived from the GM decomposition are shown in Fig. 11 . Annual variability with an amplitude . 30 cm s 21 is found in the areas associated with the SC, SMC/NMC, SEC/SECC, and SJC that are driven or influenced by the annually reversing Indian monsoon, with the zonal component dominating. Semiannual variability with an amplitude . 30 cm s 21 is found only in zonal velocities in the equatorial IO corresponding to the twice-yearly EJs driven by the semiannual westerly component during both intermonsoon seasons (Schott et al. 2009 ). The amplitude of annual variability reaches a maximum of 80 cm s 21 in July east of Somalia for both zonal and meridional velocities (e.g., Beal et al. 2013) , while that of semiannual variability shows a maximum of 65 cm s 21 only in zonal velocities, first occurring in the eastern equatorial IO in late April and October and then propagating westward to the central/western equatorial IO in early May and November. This annual and semiannual variability is qualitatively in agreement with, but quantitatively larger than, those presented by Molinari et al. (1990) and Shenoi et al. (1999) that are below 50 cm s
. It is worth noting that although the SEC is permanently flowing eastward, it intensifies in the boreal summer with its northern edge extending to 58S and weakens in boreal winter with its northern edge retreating to 108S (Fig. 10) , which could be one of the reasons why an annual variability exists over the region of 58-108S. Another explanation is that the seasonal cycle in the Southern Hemisphere trade winds generates an annual Rossby wave in the ocean that manifests as an annual cycle in the SEC (Woodberry et al. 1989; Shenoi et al. 1999) . To verify the importance of seasonal variability, we have also computed the contribution of each component in the GM model to the total variance, including annual and semiannual cycles, spatial variations, and residuals (figure not shown). Consistent with the amplitude (Fig. 11) , the variance contribution of seasonal variability for the zonal velocity can reach a percentage as large as 60%-70% located in the northern-central tropical IO for the annual cycle and the western equatorial IO for the semiannual cycle. Higher percentages (30%-50%) explained by spatial variance are found in the northern Arabian Sea, north of Madagascar, in the southern tropical IO, and west of Australia, indicating the relative importance of mean shear over these regions. The variance explained by the residuals is .80% in the central-western BoB, eastern tropical IO, and the whole southern IO. Figure 12 shows the total kinetic energy (TKE) and EKE as well as the corresponding variance ellipses, which are calculated from the drifter-observed total (including mean) velocities and residual velocities as follows:
EKE 5 1 2 hu 02 1 y 02 i E ,
where h i E denotes the Eulerian ensemble average within each 28 bin, and the residual velocity components u 0 and y 0 are calculated by subtracting the mean, annual, and semiannual components (via the GM decomposition ) and variance ellipses computed using drifter-observed surface velocities of (a) all, (b) excluding GM mean, (c) excluding GM mean and annual cycle, and (d) excluding GM mean, annual, and semiannual components. Bins with ,32 6-h observations (roughly two independent observations assuming a 4-day integral time scale) are discarded.
defined as the departure from a mean plus seasonal cycles, instead of the departure from a constant mean as adopted traditionally, to show the influence of the seasonal cycles on the EKE as well as the anisotropy of variance ellipses. Besides, it is convenient to compare these variance ellipses to the diffusivity ellipses shown in PQL2.
For the drifter-derived total velocities, large TKE is in accordance with the strong currents (e.g., SC, EJs, and ARC in Fig. 12a ). The distributions of EKE and velocity variance generally follow those of TKE with comparable magnitudes. The impacts of the annual and semiannual variability on EKE and the velocity variances are clearly seen in Figs. 12c and 12d . After excluding the annual and semiannual variabilities (Fig. 12d) , where the SSG is located, imply much weaker eddy activity over these regions. Large total velocity variances with significant anisotropy are seen in the regions of the energetic currents (Fig. 12a) . Generally, the orientations of the variance ellipses in these variance anisotropy regions follow the directions of mean currents, such as the SC and EJs. When excluding the mean, annual, and semiannual components one by one (Figs. 12b-d) , the anisotropy over these regions is reduced significantly over the regions of SC and EJs. However, after excluding the seasonal variability (Fig. 12d) , strong anisotropy still exists, indicating that eddies may also induce anisotropy over the SC and EJs. Note that the variance ellipses along the ARC are oriented perpendicular to the ARC, indicating stronger cross-stream than along-stream variation. This is in accordance with Rypina et al. (2012) , who found a similar result in the Gulf Stream extension. It is also interesting to notice that obvious anisotropy of velocity variance appears in the middle of the Mozambique Channel, but the orientation of the variance ellipses are mostly northwestsoutheast instead of north-south, indicating to some extent once again that the flow is generally composed of southward-migrating eddies Schouten et al. 2003; Schott et al. 2009; Swart et al. 2010) . A comparison between the EKE estimated here and that estimated by Shenoi et al. (1999) shows that they agree with each other qualitatively in most regions of the IO, but not quantitatively, and even contradict in some regions. Both show highest EKE in the western boundary and equatorial currents and lowest EKE in the Arabian Sea and BoB. The magnitudes of EKE over these regions, however, are quite different. Since the estimated EKE in Shenoi et al. (1999) includes seasonal variability, it can only be compared with that in Fig. 12b  that also Shenoi et al. (1999) that only covers regions north of 208S. Again, given the most extensive drifter dataset ever assembled to date, the distribution of EKE estimated here is a revised update from previous studies with less uncertainties and consideration of the impacts of the intense seasonal variations.
Summary
The Eulerian statistics of the near-surface circulation in the IO basin (418S-268N, 298-1168E) are investigated based on the long-term (1985-June 2013) record of observations from the GDP satellite-tracked drifters. The distributions of all drifter data are quite inhomogeneous in space and nonstationary in time. The drifter velocities are also spaciously inhomogeneous and statistically display an exponential behavior at high speeds (.80 cm s 21 ), indicating a higher probability of experiencing anomalously large positive or negative velocities compared to a Gaussian distribution. High speeds are observed in the equatorial IO and the eastern coast of Somalia, associated with the strong equatorial jets and Somalia Current. In particular, observations of speeds larger than 200 cm s 21 are found radiating northeastward from the eastern coast of Sri Lanka, implying a much stronger offshore current east of Sri Lanka associated with the southwest Indian monsoon than previously ever documented. In contrast, regions with drifter speeds always less than 60 cm s 21 are found in the south subtropical IO, central-northeastern Arabian Sea, eastern BoB, and south of the eastern tropical IO (between 128 and 208S). The pseudo-Eulerian mean near-surface currents in the IO derived from the GDP drifter observations using the Gauss-Markov decomposition method or the simple binning method are generally in agreement with those revealed by ship drift reports or satellite-tracked drifters or satellite imagery from other data archives. However, the GM decomposition method is found to reproduce more realistically the mean currents of the IO because it takes into account the lateral velocity shear as well as seasonal sampling bias, whereas the traditionally simple binning method does not. Particularly, the GM method derives stronger mean velocities in the regions with strong velocity shear (such as the SC, SEC, and the ARC) as compared to the simple binning method that tends to oversmooth the mean velocities in these regions. High climatologic MKE (e.g., .300 cm 2 s
22
) derived from the GM method is found in regions of western boundary currents and equatorial jets as well as ARC with a maximum of 1500 cm 2 s
, whereas low MKE is observed in the south subtropical IO, central Arabian Sea, and central BoB. After excluding the mean, annual, and semiannual cycles, the most eddy energetic regions with EKE . 2000 cm 2 s 22 are found in the eastern coast of Somalia, the Mozambique Channel, and the southwestern edge of the IO, indicating intensive eddy activity in these regions with energy comparable to that of mean currents. Eddy energetic regions are also found in the central/eastern equatorial IO, the southern and western rim of the BoB, south of Madagascar, and west of Australia. The lowest values of EKE occur in the centraleastern Arabian Sea, and south tropical (between 108 and 208S) and subtropical (between 308 and 408S) IO, implying less eddy activity in these region. Significant variance anisotropy are seen in the regions of the energetic currents with orientations of the variance ellipses following the directions of mean currents, and they are significantly reduced after excluding the mean, annual, and semiannual components one by one. Generally, both the climatologic MKE and EKE estimated in the present study are qualitatively in agreement with, but quantitatively larger than, estimates from previous studies. Given the most extensive drifter dataset ever assembled to date, as well as the GM decomposition method used that takes into account both the velocity shear and seasonal sampling bias, the estimate of EKE in the present study is believed to be a more accurate estimate and thus is preferable for validating satellite and numerical results. The near-surface currents in the IO vary significantly at seasonal time scales. In particular, strong annual variability is found in the SC and NMC/SMC regions associated with the annual reversing monsoon, whereas an obvious semiannual cycle is found in the EJs region corresponding to the semiannual westerly component during both intermonsoon seasons. The annual and semiannual variability is found to have significant impacts on the estimate of EKE in the IO, implying that such low-frequency variability should be carefully taken into account in the estimate of the Lagrangian statistics. This issue is explored in the companion paper PQL2.
